We suggest a new strategy for tailoring and enhancing the absorption of light by multilayered nanowires. We use the multipole expansion method and experimental data for dielectric and plasmonic materials and demonstrate that the absorption for one of the polarizations can be substantially enhanced due to an overlap of different resonant modes in nanowires. We show that our approach can be employed for a design of multiband tunable optical absorption across a wide spectral range for both TE and TM polarizations.
Light absorption and its enhancement in nanostructures, including spherical and cylindrical geometries, is fundamentally important, [1] [2] [3] and can be used in various applications, including light detection at the nanoscale and selective color absorption. In biology and medicine, the absorption of infrared light by noninvasive cell-tracking nanoparticles leads to the improvements in the cancer diagnostics techniques and detection of infectious microorganisms. [4] [5] [6] [7] [8] In physics, quantumengineered superabsorption is used for improving optical sensors and light harvesting technologies. 9 Solar cells and thermophotovoltaic devices also benefit from larger light absorption which significantly improves their efficiency. [10] [11] [12] [13] [14] To achieve higher absorption, various strategies and geometrical designs have been analyzed.
Perfect absorbers [15] [16] [17] [18] [19] [20] , omnidirectional absorption by reflectionless impedance matching in periodic arrays and nanoscale gratings [21] [22] [23] , and spatial trapping of resonances in semiconductors to improve the solar energy conversion 24 have been studied. Wide-band thin super-absorption, using hyperbolic metamaterials [25] [26] [27] and black-bodies [28] [29] [30] using plasmonic resonances are also introduced.
One important technique to obtain higher absorption by nanostructures is spectrally overlapping several absorption resonances, for example by using Mie and leaky/guided modes in nanowires, 31 or by overlapping the resonances from different polarizations 32, 33 . Enhancement of the absorption for one polarization (either TE or TM) has been also suggested by utilizing two resonant modes 32 . However, to the best of our knowledge, the strategy for overlapping multiple resonances and its tunability is not comprehensively studied in neither plasmonic nor all-dielectric structures.
In this Letter we introduce a highly tunable approach for overlapping various absorption resonances of different modes, in either TE or TM polarizations. By using experimental data for material parameters 34, 35 , we design and analyze superabsorption by multilayer nanowires with the total absorbed energy being substantially larger than that achieved in homogeneous structures of the same size. Herein, by adding one plasmonic (silver) or dielectric (aluminium arsenide) shell to a silicon nanowire, we demonstrate an overlap of up to four different absorption resonances of the same polarization. We demostrate that, the substantially enhanced absorption occurs mostly in the semiconductor layers which is important for photovoltaics and solar-cell applications.
The absorption cross-section (ACS) in two-dimensional case is calculated as σ a = P abs /I 0 , where P abs is the absorbed power and I 0 is the incident power density, both per unit length. Absorption by nanowires can be studied in cylindrical coordinates, and ACS can be presented as a superposition of absorption contributions from different cylindrical modes. This decomposition can generally be presented as σ a = ∑ +∞ n=−∞ σ a n , where σ a n is a single mode ACS and n is the mode number. 36 The spectral behavior of absorption of each mode is a function of the size and material parameters of the nanowire.
In a single nanowire, mode degeneracy of the positive and negative orders appears due to the azimuthal symmetry. Their contribution to the absorption is equal across the spectrum, except for n = 0 mode. The absorption spectrum also depends on material parameters. In solid metallic nanowires the absorption is considerable only close to the plasmonic resonance frequency and relatively small everywhere else. In solid dielectric nanowires, several resonances exist, but they are well spaced in the frequency domain, so that the overlap between them is not substantial. To overcome these restrictions of enhancing the absorption, here we introduce multimode absorption approach, aiming at a design of structures that have several resonances co-existing at a selected frequency. To achieve this, we engineer multilayer nanostructures whose absorption is enhanced far beyond the singlemode limit. We use a genetic optimization algorithm [37] [38] [39] (GA) and define a fitness function for a three-layer nanowire as F(r 1 , r 2 , r 3 ) = max{ACS(λ opt , r 1 , r 2 , r 3 )}, where λ opt indicates the operating wavelength. This optimization process allows to design the enhanced absorption at any selected wavelength, or even simultaneously for several frequency bands. The details of the developed GA, definition of genes and chromosomes, and other details can be found in previously published works 37 .
From the energy conservation for non-radiating modes, the σ a can be written as σ a = σ e − σ s , where σ e and σ s are extinction and scattering cross-sections, respectively. We consider an infinite multilayer nanowire shown schematically in Fig. 1 . An incident plane wave is assumed to propagate in the x direction. For TE polarization (the electric field is perpendicular to the cylinder axis), the magnetic field can be written as H Inc =â z H 0 e −iωt+i2πλ −1 r cos(φ) , where φ is the polar angle in the cylindrical coordinates. By using the multipole expansion method to describe the interaction of light with a nanowire, 40, 41 the total field can be presented as
where
2 , H 0 is the amplitude of the incident plane wave, J n and H (1) n are the n-th order Bessel and Hankel functions of the first kind, respectively; n is the mode number, l is the layer number, L is total number of layers, and index L + 1 corresponds to the surrounding medium, ε l (λ) is the dielectric constant of the l-th layer at wavelength λ. Amplitudes of partial waves in the l-th layer τ l n and ρ l n are found by solving the boundary condition equations for the continuity of the tangential components H z and E φ . Additionally, we put ρ 1 n = 0 to avoid singularity of Hankel functions in the centre of the nanowire, and τ L+1 n = 1 for each n to describe the incident plane wave in cylindrical coordinates. For TM polarization, an expression similar to Eq. (1) can be written for E l , and the expansion coefficients can be found by satisfying the boundary conditions for the tangential components of fields E z and H φ .
Here we mention that small-size plasmonic nanoparticles may have dielectric constants quite different from those of bulk materials. 42 When the size of a nanowire becomes comparable with the electron mean-free path, the collision frequency should be modified. The small-size effect is analytically described for the Drude model of metal permittivity, however in present work we use experimental data that deviates from the Drude model, which is given by ε = ε ∞ − ω 2 p /(ω 2 + iγω), where for silver ε ∞ = 4.96. 34 In order to account for the small-size effects while using the experimentally measured material parameters, we perform the following steps. For each frequency, we use complex values of experimentally measured permittivity to find plasma frequency ω p and collision frequency γ, so that the Drude formula gives correct permittivity of a bulk material at this frequency. Then we modify γ, making the following replacement: γ small−particle = γ bulk +V f /D, where V f = 1.388 · 10 6 m/s is the Fermi velocity in silver and D is the characteristic size of a metallic structure. Finally, by using γ small−particle in the Drude formula, we obtain the real and imaginary parts of the corrected dielectric constant. 38, 42 Now by solving the boundary condition equations and obtaining the expansion coefficients, the σ s which for infinite cylindrical structures is defined as the ratio of the scattered power per unit length to the incident energy flux per unit length, can be found as: 40, 41 
The extinction cross-section is defined as a ratio of the sum of the total scattered and absorbed powers per unit length to the incident energy flux per unit length, and it can be expressed as: 40, 41 
n }. Therefore, ACS for each mode is found as σ a n = σ e n − σ s n . We introduce a normalized cross-section,σ = π 2λ σ. It can be shown that the single mode limit ofσ s n andσ e n is equal to unity andσ a n is limited by 0.25, similar to spherical nanostructures. 43 To overcome this limit, we propose to overlap several resonances at a given frequency, so that the combined absorption of multiple resonances is larger than that for a single mode. We call such regime as superbasorption. Clearly, this only becomes possible, when absorption of each of the involved resonances is high enough, and we show below, that by using numerical optimization it becomes possible to design structures that outperform single resonance limit at any desired wavelength within visible frequency range.
To have a better understanding of spectral distribution of σ a , ACS of solid silicon and silver nanowires is analyzed in Fig. 2 for TE polarization and similarly this can be done for TM polarization. The results for a solid silicon nanowire in Fig. 2(a) suggest that the absorption resonances of different modes are spread over a wide spectral range, and the total ACS is almost limited to the summation of positive and negative orders of a single harmonic. Figure 2(b) shows that in a solid silver nanowire, the absorption resonances are concentrated near the plasmonic resonance wavelength, and ACS is rapidly decreasing to the values under the single-mode limit for the rest of the spectrum. Spectra with similar features characterize solid nanowires for TM polarization.
As the next step, we analyze multilayer structures for the example of Si-Ag-Si geometry, for both TE and TM polarizations. The key strategy to enhance the absorption efficiency of a nanostructure is to increase the number of supported resonances while maintaining the same particle size, 32, 44 which also provides a meaningful comparison of the ACS in multilayer structure with that of the solid nanowires. The results for the absorption enhancement by multilayer nanowires are demonstrated in Fig. 3 . The results for two different nanowires are presented in Fig. 3 for both polarizations, showing overlapping of absorption resonances of different modes. Figure 3 (b) demonstrates a superabsorption effect due to the overlap of the resonances of four different modes at λ = 600 nm. By using the optimization techniques, it is also possible to design structures that demonstrate the enhanced absorption for several wavelengths. For example, Fig. 3 (e) also shows a specific configuration for which simultaneous superabsorption is obtained for two different wavelengths within the visible range.
By comparing Figs. 2 and 3 , we notice that we can obtain single-band or multi-band enhanced absorption at wave-
lengths for which none of the solid nanowires show considerable absorption. Figures 3 also demonstrates a possibility of tuning the superabsorption effect in multilayer structures to a desired wavelength. Figures 3(a, b) for TE polarization and Figs. 3(d, e) for TM polarization are for two different multilayer structures with different layer thickness that can demonstrate the superabsorption effect in different parts of the spectrum, while having a fixed external radius. Figures 3(c, f) demonstrate the field profile in the structures which are optimized for the superabsorption effect at λ = 500 nm. The profiles show trapping of light in semiconductor layers, which for the example of TM polarization (Fig. 3(f) ) leads to 78% of the enhanced absorption to occur in silicon.
The energy flow streamlines show how the nanowires absorb light, effectively collecting light from the area that is larger than the geometrical cross-section of the nanowire. To have an in-depth interpretation, we calculate the Poynting vector singular points known as saddle points 45, 46 . The energy flowing close to this points define the separatrices, which in this case have the meaning of the interfaces separating the regions where the energy flows into the nanowire and the region where the energy flows past the nanoparticle. The separatrices are highlighted in Figs. 3(c, f) . Some part of the energy propagating into the nanowires may escape out again without being absorbed. Therefore, the separatrices indicate the upper limit for the absorption cross-section. In the presented nanowires designed for superabsorption at λ = 500 nm for TE and TM polarizations, ACS is equal to σ a T E =σ a T E × 2λ/π = 1.0344 × 2λ/π = 330 nm and σ a T M = 1.2569 × 2λ/π = 400 nm, respectively. Comparison of these results with the ACS limit shown in Figs. 3(c, f) , suggests that almost maximum possible energy is absorbed by the nanowires (more than 90% and 94%, for TE and TM polarizations, respectively). Relatively strong absorption of both TE and TM waves in the cylindrical structures can be achieved by compromising absorption of each individual polarization. We expect that less polarization sensitive effect can be achieved in a more symmetric structure such as sphere.
As we have demonstrated, the superabsorption occurs when we overlap several resonances in the structure. We can reasonably expect that these resonances can be of different character, such as electric as in plasmonic or magnetic as in all-dielectric structures. In addition to overlapping the resonances, we need to ensure that these modes should be well absorbing. In general, the absorption of the particle in resonance depends on the resonant mode structure, and there are optimal values of material loss parameters that provide best absorption. In alldielectric structures, absorption in dielectrics may be sufficient in order to provide efficient absorption, and presence of metals are not a necessary condition for creating a super-absorber. This is demonstrated in Fig.4 by analyzing the absorption properties of an all-dielectric multilayer nanowire with Si- AlAs-Si layers in which the superabsorption wavelength is tuned to λ = 600 nm. The enhanced absorption is due to absorption of light in silicon, as AlAs is practically lossless in this range of frequency 47 .
Finally, we note that applying a similar approach to several scattering resonances in a multilayer nanostructure can lead to the superscattering effect, 37, [48] [49] [50] [51] where the optimal conditions are different due to distinctive near-and far-field resonances. 52 In conclusion, we have studied the superabsorption in multilayer nanowires achieved by overlapping absorption resonances of different modes of cylindrical structures. We have compared the results for solid nanowires to multilayer structures of the same size and revealed that by carefully designing multilayer structures, it is possible to achieve superabsorption of light even for the wavelengths that none of the similar solid nanostructures have considerable absorption. We have calculated singular points of the energy flow, which allow us to explain the origin of the superabsorption effect in such structures. Possibility to precisely tune the superabsorption effect is also demonstrated by modifying only the size parameters in both TE and TM polarizations. The presented approach can be used for both enhancement and suppression of ACS, similar to the scattering enhancement (superscattering effect) and suppression (invisibility cloaking) by overlapping the resonances or minima of the cross-sections of different modes, respectively. This work was supported by the Australian Research Council.
